Biogenic volatile organic compounds (BVOCs) are important role players in the chemistry of 19 the troposphere, especially in the formation of tropospheric ozone (O3) and secondary organic 20 aerosols (SOA). Ecosystems produce and emit a large number of BVOCs. It is estimated on a 21 global scale that approximately 90 % of annual VOC emissions are BVOCs. In this study, 22 measurements of BVOCs were conducted at the Welgegund measurement station (South 23 Africa), which is considered to be a regionally representative background site situated in 24 savannah grassland. Very few BVOC measurements exist for grassland savannah and results 25 presented in this study are the most extensive for this type of landscape. Samples were collected 26 twice a week for two hours during daytime and two hours during night-time through two long-27 term sampling campaigns from
February 2015. Individual BVOCs were identified and quantified using a thermal desorption 1 instrument, connected to a gas chromatograph and a mass selective detector. The annual 2 median concentrations of isoprene, 2-methyl-3-butene-2-ol (MBO), monoterpenes and 3 sesquiterpenes (SQT) during the first campaign were 14, 7, 120 and 8 pptv, respectively, and 4 14, 4, 83 and 4 pptv, respectively, during the second campaign. The sum of the concentrations 5 of the monoterpenes were at least an order of magnitude higher than the concentrations of other 6 BVOC species during both sampling campaigns, with α-pinene being the most abundant 7 species. The highest BVOC concentrations were observed during the wet season and elevated 8 soil moisture was associated with increased BVOC concentrations. However, comparisons 9
with measurements conducted at other landscapes in southern Africa and the rest of the world 10 that have more woody vegetation indicated that BVOC concentrations were, in general, 11 significantly lower. Furthermore, BVOC concentrations were an order of magnitude lower 12 compared to total aromatic concentrations measured at Welgegund. An analysis of 13 concentrations by wind direction indicated that isoprene concentrations were higher from the 14 western direction, while wind direction did not indicate any significant differences in the 15 concentrations of the other BVOC species. Statistical analysis indicated that soil moisture had 16 the most significant impact on atmospheric levels of MBO, monoterpenes and SQT 17 concentrations, while temperature had the greatest influence on isoprene levels. The combined 18
O3 formation potentials of all the BVOCs measured calculated with MIR coefficients during 19 the first and second campaign were 1162 and 1022 pptv, respectively. α-Pinene and limonene 20 had the highest reaction rates with O3, while isoprene exhibited relatively small contributions 21 to O3 depletion. Limonene, α-pinene and terpinolene had the largest contributions to the OH-22 reactivity of BVOCs measured at Welgegund for all of the months during both sampling 23 campaigns. 24 1 abiotic stresses, attraction of pollinators) (Blande et al., 2014; Fuentes et al., 2000 ; Kesselmeier 2 and Staudt, 1999; Sharkey and Yeh, 2001) , with typically 0.2 to 10 % of the carbon uptake 3 during photosynthesis being converted to BVOCs (Kesselmeier et al., 2002) . It is estimated 4 that, on a global scale, approximately 90 % of annual VOC emissions are by vegetation 5
(~1000 Tg C year -1 ) (Guenther et al., 2012) . 6
BVOCs can contribute significantly to the carbon balance in certain ecosystems (Kesselmeier 7 et al., 2002; Malhi, 2002) . BVOC concentrations in ambient air depend on several factors, 8 which include emission rates from vegetation, atmospheric transport and mixing, as well as the 9 chemical composition and oxidative state of the atmosphere, which determines the sink of these 10 species. BVOCs are important in the formation of tropospheric ozone (O3) and secondary 11 organic aerosols (SOA). BVOCs in the troposphere react with the major oxidants in the 12 atmosphere, which include tropospheric O3, hydroxyl radicals ( • OH, referred to, from here on, 13
as OH for simplicity) and nitrate radicals (NO3 • , referred to, from here on, as NO3 for simplicity) 14 including less volatile oxygenated compounds that condense to form aerosol particles . 20 Various studies have indicated the link between BVOCs and the formation of SOA (Vakkari et 21 al., 2015; Andreae and Crutzen, 1997; Ehn et al., 2014) , while the influence of BVOCs on the 22 growth of newly formed aerosol particles has also been indicated (Kulmala et al., 2004 ; Tunved 23 et al., 2006) . However, there are many uncertainties associated with the exact chemical 24 reactions and physical processes involved in SOA formation and aerosol particle growth, which 25 largely depends on regional emissions and atmospheric processes (Kulmala et al., 2013; Ehn et 26 al., 2014) . Vakkari et al. (2015) indicated the importance of VOCs for new particle formation 27 and growth in clean background air in South Africa. Therefore, it is essential to understand the 28 sources, transport and transformations of these compounds for air quality management and 29 climate change-related studies, as well as for the modelling of atmospheric chemistry at global, 30 regional and local scales (Laothawornkitkul et al., 2009; Peñuelas and Staudt, 2010 ; Peñuelas 31 and Llusià, 2003) . 
Vegetation 25
The Welgegund measurement station is located in the Grassland Biome (Figure 1 while the rest is mostly used for grazing and crop production. In Figure 2 , a land cover map 3 within a 60 km radius from Welgegund is presented indicating the extent of cultivation in this 4 region. The land cover survey was performed within a region that was estimated to represent 5 the BVOC footprint at Welgegund, which was calculated from typical atmospheric lifetimes 6 (Table 1) The study area comprises a highly variable landscape with scattered hills and sloping, slightly 17 irregular, undulating plains, which are dissected by prominent rocky ridges. Soil in the 18 catchment area is heterogeneous and rocky, varying from sandy to clayey depending on the 19 underlying rock types, such as andesite, chert, dolomite, mudstone, quartzite, sandstone and 20
shale. 21
Land use within the surrounding area is divided into six major land cover types, i.e. cultivated 22 land, grasslands, mountainous areas, plantations, urban areas and water bodies, as indicated in 23 week and same hours of the day, was prone to some bias. As mentioned by Jaars et al. (2014), 26 considering the distance of the sampling site from the nearest town and logistical limitations 27 during the sampling campaigns, the sampling schedule applied was the most feasible option 28 that enabled the collection of data for more than two years. VOCs were sampled at a height of 29 2 m above ground level, with a 1.75 m long inlet. The first 1.25 m of the inlet was a stainless 30 steel tube (grade 304 or 316) and the second 0.5 m was Teflon. To prevent the degradation of 31 BVOC by O3, the stainless steel part of the inlet was heated to 120 ºC using heating cables and 1 thermostats (Thermonic), thereby removing ozone from the sample stream (Hellén et al., 2 2012a ). At regular intervals, the efficiency of this O3 removal was verified with an O3 monitor. 3
VOCs were collected with stainless steel adsorbent tubes (6.3 mm ED x 90 mm, 5.5 mm ID) 4 packed with Tenax-TA and Carbotrap-B by using a constant flow type automated 5 programmable sampler. A detailed description of the sampling procedure is presented by Jaars 6 et al. (2014) . In short, the flow rate of the pump was set at between 100 and 110 ml min -1 7 throughout the campaigns and was calibrated each week. Prior to sampling, all adsorbent tubes 8 were tested for leaks and preconditioned with helium for 30 minutes at 350 ºC at a flow of 40 9 ml min -1 . 10
Individual BVOCs were identified and quantified using a thermal desorption instrument 11 (Perkin-Elmer TurboMatrixTM 650, Waltham, USA) connected to a gas chromatograph 12 (Perkin-Elmer® Clarus® 600, Waltham, USA) with a DB-5MS (60 m, 0.25 mm, 1 µm) column 13 and a mass selective detector (Perkin-Elmer® Clarus® 600T, Waltham, USA). Samples were 14 analysed using the selected ion mode (SIM). A five-point calibration was performed by using 15 liquid standards in methanol solutions. Standard solutions were injected onto adsorbent tubes 16 that were flushed with helium at a flow of 100 ml min -1 for 10 min in order to remove methanol. 17
BVOCs quantified for the two campaigns included isoprene with method detection limit (MDL) 18 between 1.2 and 2.4 pptv and for 2-methyl-3-butene-2-ol (MBO) between 0.9 and 1.4 pptv. 19
The monoterpenes (MT) (α-pinene, camphene, β-pinene, ∆ 3 -carene, p-cymene, limonene, 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] cineol, terpinolene, 4-acetyl-1-methylcyclohexene (AMCH), nopinone, bornylacetate and 4-21 allylanisole) MDL was between 0.6 and 1.6 pptv. The sesquiterpenes (SQT) (longicyclene, iso-22 longifolene, aromadendrene, α-humulene and alloaromadendrene) MDL was ~0.6 pptv. Since 23 the analytical system did not separate myrcene and β-pinene, β-pinene concentrations 24 determined were the sum of these two species. VOC concentrations were field and lab blank 25 corrected.
When monthly median BVOC concentrations were calculated, sample 26 concentrations below the method detection limit (MDL) were replaced with ½MDL. 27
Ancillary measurements 28
Ancillary measurements continuously performed at the Welgegund station were used to 29 interpret the measured BVOC concentrations. General meteorological parameters, i.e. 
Lifetime of BVOCs 16
In Table 1 
Meteorological conditions during the measurement campaigns 4
Local meteorological influences on the measured BVOC concentrations are likely to be more 5 significant than regional impacts of air masses due to the short lifetimes associated with 6 atmospheric BVOCs (Table 1) . Therefore, BVOC concentrations were only interpreted in 7 terms of local meteorological patterns and no back trajectory analyses were employed. In 8 Figure 3 , the monthly medians of the meteorological parameters -precipitation, T, RH, wind 9 speed and -direction, and soil moisture depth (5 and 20 cm) -measured at Welgegund during 10 each of the two sampling campaigns are presented. From Figure 3a 
Contextualising BVOC concentrations measured at Welgegund 21
In Table 2 , the median (mean) and inter-quartile range (IQR, 25 th to 75 th ) concentrations of the 22 BVOC species determined during the two sampling campaigns at Welgegund are presented. In 23 Table 3 , the concentrations of BVOC species measured during other campaigns in South Africa 24 and the rest of the world are presented. 25
26
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The most abundant species observed throughout the study was the monoterpene, α-pinene, and 2 the total monoterpene concentration was at least an order of magnitude higher compared to the 3 concentrations of other BVOC categories. The total annual median (IQR) monoterpene 4 concentration was 120 (73-242) pptv during the first campaign and 83 (54-145) pptv during the 5 second campaign. As indicated in Table 2 , α-pinene, p-cymene and limonene were the 6 predominant compounds measured during the first campaign, constituting more than 63 % of 7 the ambient monoterpene concentrations, while during the second campaign, the dominant 8 monoterpenes were α-pinene, limonene and terpinolene, constituting more than 70 % of the 9 ambient monoterpene concentrations. (Table 3) . Therefore, there is a large variation in the monoterpene 24 concentrations measured in different ecosystems, with concentrations measured at Welgegund 25 being in the low to mid-range. Unlike isoprene that is approximately 10 times lower than 26 isoprene levels at other ecosystems in the world, the mean monoterpene concentration at 27
Welgegund is comparable to the previous studies at other ecosystems summarised in Table 3 . 28
The annual median (IQR) isoprene concentration measured during the first campaign was 14 (6- Most SQTs are highly reactive species and are difficult to detect in ambient air samples, which 27 resulted in concentrations of these species being frequently below the detection limit of the 28 analytical procedure. This is also reflected in the concentrations of these species being an order 29 of magnitude lower compared to the other BVOC species measured in this study. The total 30 annual median (IQR) SQT concentration measured during the first sampling campaign was 8 31 
Seasonal variations 19
In Figure 5 higher wind speeds (Figure 3d ), which are observed for both sampling campaigns. This 20 indicates that the major sources of isoprene measured at Welgegund can be considered not to 21 be within close proximity. However, since oxidation products of isoprene (e.g. methyl vinyl 22 ketone, methacrolein) were not measured in this study, more distant sources of isoprene could 23 not be verified. It is evident from Figure 2 that the region in close proximity of Welgegund in 24 the south-western to north-eastern sector largely comprises cultivated land, while in the north-25 eastern to south-western sector the predominant land coverage is grassland and natural 26 vegetation. It is expected that isoprene emissions from the cultivated land will be lower 27 compared to savanna grassland . Therefore, if Welgegund is more frequently 28 affected by winds from the south-western to north-eastern sector, higher wind speeds will 29 coincide with higher isoprene levels, since the savanna grassland fetch region is distant from 30
Welgegund and related to the approximately three-hour atmospheric lifetime of isoprene due to 31 OH radicals. In Figure 6 , the wind roses for the BVOCs species measured in this study are presented. It is 1 evident that the highest isoprene concentrations for the first sampling period were associated 2 with winds originating from the south to south-western sector, i.e. predominantly from the 3 grassland region in close proximity during the first sampling campaign resulting in a relatively 4 more distinct seasonal pattern for isoprene levels. During the second sampling campaign, 5
higher isoprene concentrations were associated with winds originating from the south-western 6 to the northern sector, i.e. from the cultivated land area. Therefore, isoprene concentrations 7 measured during the second sampling period coincided predominantly with stronger wind 8 speeds from more distant fetch regions. campaign was significantly higher from February to August compared to the second sampling 20 campaign. Therefore, these increased MBO levels measured during the first sampling 21 campaign can be attributed to increased emissions from deep-rooted plants, e.g. shrubs and 22
trees. In addition to decreased biogenic activity in the dry winter, the conversion of MBO to 23 isoprene in the atmosphere could also lead to decreased MBO levels during this period. Jaoui 24 et al. (2012) reported that MBO conversion to isoprene increased by an order of magnitude 25 during dry conditions compared to humid conditions. This can also contribute to elevated 26 isoprene concentrations measured during the dry months at Welgegund (Figure 5a 
BVOC emissions from surrounding vegetation 5
As discussed in section 2.2 and indicated in Figure 2 , Welgegund is situated in a region that has 6 been significantly transformed through cultivation. Cultivated land within the demarcated 60 7 km radius ( Figure 2 ) consists mainly of maize and, to a lesser degree, sunflower production. 8
These cultivated lands are also typically characterised by eucalyptus trees, which have a very 9 high BVOC emission potential (Kesselmeier and Staudt, 1999) , planted on their peripheries as 10 is evident in Figure 2 . The grassland region in close proximity of Welgegund (south-western 11 to north-eastern sector) has a high diversity of grass and woody species, as mentioned in section therein) also indicated that isoprene has anthropogenic sources in urban areas, which indicates 20 that the surrounding towns can also contribute to the isoprene concentrations. 21
In an effort to determine possible sources of BVOC species concentrations, roses were 22 compiled, as presented in Figure 6 . In general, the concentration roses indicated that isoprene 23 concentrations were higher form the western direction (indicated by the average and highest 24 concentrations), while wind direction did not indicate any significant differences in the 25 concentrations of the other BVOC species. On occasion, higher MBO, monoterpene and SQT 26 concentrations were observed from the south-eastern region, which may be attributed to a large 27 eucalyptus plantation approximately 15 km south-east from Welgegund, indicated in Figure 2 . humidity, air humidity, temperature, light and fertilisation rate on the emission of BVOCs from 8 these plants. Therefore, maize production may be a source of monoterpenes and SQT. The 9
higher SQT concentrations in the south-west and north-west can most likely be attributed to 10 smaller eucalyptus plantations within a 1 to 2 km radius, as indicated in Figure 2 . The high 11 monoterpene concentrations determined during the second sampling campaign may be 12 associated with specific monoterpene emitting plants in the region. 13
Although a comprehensive vegetation survey has been conducted within a 60 km radius of 14
Welgegund, vegetation types have been identified only generally at this stage, as indicated in 15 section 2.2. Therefore, the predominant woody species in each of the regions surrounding 16
Welgegund associated with specific BVOC emissions have not yet been characterised. 17
Statistical correlations 18
Spearman's correlation analyses were applied to correlate the measured concentrations of 19 isoprene, MBO, monoterpenes and SQT measured to each other in order to substantiate sources 20 of these species. These correlations for the two sampling campaigns are presented in Table 4 , 21 with correlations in the wet seasons listed in the lower bottom (highlighted light blue) and 22 correlations in the dry season presented in the top right (highlighted light grey). It is evident 23 that MBO had good correlations with monoterpenes and SQT in the wet season, as well as with 24 monoterpenes in the dry season during the first sampling campaign. Although not as distinct 25
as during the first sampling campaign, MBO did also correlate with monoterpenes during the 26 wet and dry season, as well as with SQT in the dry season during the second sampling campaign. 27
During the first sampling campaign, monoterpenes had a strong correlation with SQT in the 28 wet season and moderate correlation during the dry season, while strong correlations between 29 monoterpene and SQT were determined in the dry season and a moderate correlation during the 30 wet season during the second sampling campaign. As indicated previously, concentration roses 31 Spearman correlations between BVOCs and other paramaters measured at Welgegund did not 6 show significant correlations. However, in certain instances, good correlations were observed 7 between soil moisture and MBO, monoterpenes and SQT concentrations. This is expected, 8 since the monthly average concentrations of these species indicated increased levels thereof 9 that were associated with increased soil moisture from February to April 2011. Therefore, in 10 an effort to further statistically explore the dataset, explorative multilinear regression was 11 performed by using all ancillary measurements as input data in order to indicate parameter 12 interdependencies on the BVOC concentrations measured. In Figure 7 , the root mean square 13 error (RMSE) difference between the calculated and measured BVOC concentrations, as a 14 function of the number of independent variables included in the optimum MLR solution, is 15 presented. It is evident that interdependence between temperature, soil temperatures and PAR 16 yielded the largest decrease in RMSE for isoprene concentrations measured. However, for 17 MBO, monoterpenes and SQT, a much more significant contribution from soil moisture is 18 observed to decrease the RMSE differences between calculated and measured BVOC levels. It 19 is also evident that the interdependence between soil moisture and soil temperature at 20 cm is 20 important to estimate MBO, monoterpene and SQT concentrations. Therefore, explorative 21 MLR indicated that temperature had the largest influence on isoprene concentrations, while soil 22 moisture was the most significant for MBO, monoterpenes and SQT levels. 
where [X] is the BVOC concentration, [O3] the ozone concentration and kX,O3 the reaction rate 12 constant for the reaction between X and O3. Since direct OH reactivity measurements were not 13 available, the OH reactivities (s -1 ) of the BVOCs were calculated, using Eq. (4): 14
OH reactivity = X,OH [ X]
(4) 15
where [X] is the BVOC concentration and kX,OH the reaction rate constant of the reaction 16 between X and OH. In Table 5 , the OFP calculated for each of the BVOCs measured in this 17 study, as well as the reaction rate constants for the reactions of these species with O3 and OH, 18 are listed. 19 20 Insert Table 5  21 22 Table 5 indicates that, according to the OFP calculated with MIR coefficients, α-pinene, 23 isoprene and p-cymene had the highest OFP in descending order during the first sampling 24 campaign. During the second sampling campaign, α-pinene also had the highest OFP, while In Figure 8 (a) , the monthly mean reaction rates for the reactions between O3 and BVOCs 3 measured in this study are presented. Higher reaction rates between BVOCs and O3 contribute 4 to increased atmospheric O3 depletion. Significantly higher reaction rates were calculated for 5
February 2015. It is evident from Figure 8 (a) that α-pinene and limonene had the highest 6 reaction rates with O3, while isoprene exhibited relatively small contributions the O3 depletion. 7
The other BVOCs also had relatively low reaction rates for their reactions with O3. In Figure  8 8(b), the relative monthly contributions of each of the BVOCs to the total OH-reactivity of 9
BVOCs are presented. It is evident that largest contributions to the OH-reactivity of BVOCs 10 measured at Welgegund are from limonene, α-pinene and terpinolene for all of the months 11 during both sampling campaigns. This is expected, since monoterpenes had the highest 12 atmospheric concentrations compared to the other BVOCs measured in this study. It is also 13 evident, especially during the first sampling campaign, that isoprene levels increased with the 14 onset of spring in September. The monthly median MBO levels measured during both campaigns, as well as, although less 3 pronounced, the monthly median isoprene concentrations measured during the first campaign, 4 indicated a distinct seasonal pattern with higher MBO and isoprene concentrations coinciding 5 with the wet and warmer months. During the second campaign, higher isoprene concentrations 6
were associated with higher wind speeds, which were attributed to a larger distant source region. 7
No distinct seasonal pattern was observed for monoterpene and SQT concentrations, with the 8 exception of significantly higher levels measured from February to April 2011 during the first 9
campaign. In addition, MBO concentrations measured during these months were also 10 significantly higher. These increased MBO, monoterpene and SQT concentrations were 11 attributed to the significantly higher soil moisture measured at a depth of 20 cm resulting from 12 the wet season preceding the first campaign, which is indicative of biogenic emissions from 13 deep-rooted plants. 14 Concentration roses indicated that isoprene concentrations were higher from the western 15 direction, while wind direction did not indicate any significant differences in the concentrations 16 of other BVOC species. Woody species in the grassland region were considered to be the main 17 sources of BVOCs measured, while sunflower and maize crops were also considered to be 18 potential sources for BVOCs in this region. 19
Multilinear regression analysis utilising all the ancillary measurements at Welgegund indicated 20 that soil moisture had the most significant impact on atmospheric levels of MBO, monoterpenes 21 and SQT concentrations, while temperature had the greatest influence on isoprene levels. 22
The combined O3 formation potentials of all the BVOCs measured calculated with MIR 23 coefficients during the first and second campaign were 1162 and 1022 pptv, respectively, with 24 isoprene and the monoterpenes: α-pinene, isoprene, p-cymene, limonene and terpinolene, 25 having the largest contribution to O3 formation potential. α-Pinene and limonene had the The rate constants are from Atkinson (2000) and Atkinson and Arey (2003b) except those for 4 α-humulene and longifolene OH reaction rates, which are from Shu and Atkinson (1995) . Other 5 sesquiterpene data is from CSID:1406720, http://www.chemspider.com/Chemical-6
Structure.1406720.html (last access: 2 May 2016). Predicted data is generated using the US 7
Environmental Protection Agency's EPI Suite. 
